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AN ANALYSIS OF PRESSURE STUDIES AND EXPERIMENTAL AND THEORETICAL DOWNWASH
AND SIDEWASH BEHIND FIVE POINTED-TIP WINGS AT SUPERSONIC SPEEDS ‘

By WILLIAMB. BOATRIGHT

SUMMARY

I’low-ar@e and premure mrveys behind jive, thin, poitid-
tip wings qf oaying plan form huve been de ai Mach num-
bers 1.62 and I?.41. Schlieren studia at a Mach number 1.93
for the same Jioe plan-form wings were made to ilhtrate the
behavior of the vorttn sluei. The surveys wire conducted at 1.6,
3, and 4 root chords behind three trian.gw?ar wing8 of 60°, 63°,
and 72?0leading-edge sweep angle, arid behind the 60° triangular
wing reverwd. The jibw behind a pointed-tip wing having a
vweptback leading edge and a sweptforward traii?ing edge (both
60°) was ako surveyed.

In the malyti oj the data, especial attention was focused on
the oalidity of the variom theoretical method.i for predicting the

flow at uing angl-a ?f tick m@ci.mlly high for the beh.cmior
of tlu vortex 8heet to become important.

For tlw low-aspect-raiw triungutar wing8 (where tlw lMaci
number component normal to the leading edge ix ML&w&),
tJe vortex 8heet rolk up rapidly into a singb concentrated region
of vortic@ and the theorettil model of h jlow waA aswmed
ax a single bent line vortexfor comparing & thmretical predic-
twn with experinunt at moderately high angl.tx of attack (9° to
170), An adjustment to the metlwdjw determining tlw vertical
location at stations behind t.h wing is ~getid.

l’or the high+pect-ratio triangular wings (wha-e the Mach
number component normal to the leading edge is wpersonic),
the more complex na$ure of the vortex 8heet is Wu.vtrated, and
for the triungulur wing w.th 60° .kading-edge s-weep angle,
van.ou theoretical methods for predicting the ~ $e.?d are
compared unlh experiment.

Experiment and one of% theoretical meihoak are compared
for the reversed triangular wing and the pointed-tip wing with
the 60° sweptback leading edge and sweptforward trailing edge.

INTRODUCTION

A knowledge of the flow fields behind wings at supersonic
speeds is important in assessing the stability characteristics
of aircraft and missiles. A general study of the complex
nature of the problem and the relative sign.ifbmce of wing
lift coefficient, aspect ratio, ad distance behind the wing,
on the nordinearities involved in estimating the flow field
characteristics, is treated theoretically in reference 1. l?oint
measurements of the flow angle are reported in references 2

to 10 for wings of rectanguhix, triangular, trapezoidal, and
sweptback plan forms at various supemonic Mach numbemj
and studies of the flow fields behind wing-body combinations
for both airplane and missile configurations are reported in
references 11 to 14. It can be seen that these references
include some dowmvash measurements at transonic and low
supersonic speeds. Various theoretical estimates are being
used to approximate the flow behind difTerentwings, but as
yet sufEcient systematic testi are not available to assess
completely their validity at various lo.mtions behind the
wing or throughout the variations in plan form and lift
coefficient that might exist. Data are being accumulated,
however, particularly in the high-aspect-ratio case.

Although the scope of the present investigation includes
only wing-alone tests, the flmv field for this ease becomes
very complex at moderate and high angles of attack for
diflerent variations in plan form; and theoretical predictions
of the flow field have met with little success, particularly
for downstream locations inboard of the wing tips.

Most of the theoretical work on predicting the flow fields
behind wings has been developed by wing linear theory and
assuming that the wing and vortex sheet behind the wing
remain in one horizontal plane throughout the angle-of-
attack range. (When such an assumption is used, agree-
ment between theory and experiment can be expected only
at low angles of attack.) Examples of theoretical methods
of this type include the conical-flow technique of references
15 to 17, vortex and lifting-line methods of references 18
and 19, doublet method of reference 20, and a line-source
method in reference 21. (This latter method uses a line
source to build up solutions that are applied to a particular
plan form in the same fashion as are those of the conical-
flo+ technique.) When applying any of these methods to
configurations at higher angle of attack, some success has
been obtained by correcting for the deflection of the vortex
sheet at successive spamvise stations to determine the
actual location of a particular field point with respect to this
vortq sheet (refs. 2 and 4). However, for those cases where
the rolling UP of the vortex sheet becomes more important
(higher angles of attack, lower aspect ratio, or larger dis-
tances behind the wing), other theoretical treatments
would appeax to be better for predicting-the downwash or
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sidewash. Such theoretical methods assume either that
the vortex sheet is completely rolled up and can be repre-
sented by a single line vortex, or else that the vortex sheet
can be represented with a number of two-dimensional line
vortices which are allowed to float and deform as is done in
references 22 and 23.

The purpose of the present investigation is to supplement
available experimental data on flow fields behind wings, as
well as to furnish more quantitative information on the
choice of the theoretical method for a given configuration
and the accuracy to bp expected when such a method is
used. The experimental phase of the investigation con-
sisted of downwash, sidewash, and totaJ pressure measure-
ments in planes normal to the free-stream direction at sta-
tions 1.5, 3, and 4 root chords behind the wing trailing edge.
Three thin, triangular-plan-form wings, having leading
edges swept back 50°, 63°, and 72°, were surveyed at free-
stream Mach numbers .1.62 and 2.41. In addition surveys
were conducti at a Mach number of 1.62 for the same
stations behind the 50° sweptback triangular wing reversed
(i.e., apex downstream), and a straight, O-taper-ratio
(diamond plan form) wing with 50° swept leading and
trailing edges.
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SYMBOLS

aspect ratio
(appendix A)
variable denoting ratio of tangent of conical

ray from apex of triangular wing to tangent
of Mach angle (appendix A)

wing semispan
lift coefficient
wing section lift coefficient at wing midspan
wing root chord
complete elliptic integral of second kind of

modulus t~,where”t’=~1—~ cot=A
distanc8 from origin to apex of two intersect-

ing line vortices (appendix C)
fie-stream Mach number
@gent of Mach angle (appendix A) or slope

of line vortex (appendix C)
tunnel stagnation pressure
measured total pressure
free-stream total pressure
pressure on wedge surface
Reynolds number (based on c,)
radius of conical ray in polar coordinate ;ys-

P_; ~so, ~ ap-tem (appendix A), ~

pendix D, radius from line vortex
perturbation veloci~ in z-direction
perturbation velocity in z-direction on tri-

angular wing at plane of symmetry (ap-
pendix A)

perturbation velocity in direction on super-
sonic leading-edge triangular wing for
region between leading edge and Mach line
from apex (appendix A)

free-stream velocity
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Subscripts:
B
w
.T
TE
w

All tests

FOR AERONAUTICS

perturbation velocity in y-direction
perturbation velocity in z-direction
longitudinal coordinate parallel to free-stream

direction, measured from wing trailing edgo
longitudinal coordinate meaaured from wing

apex
horizon~ coordinate, normal to free-stream

direction
one-half of distance apart of streamwim legs

of bent-line vortex model of flow (appondk
c)

vertical coordinate, normal to free-strmm
direction

angle of attack, deg
%tion

wing circulation at plane of symmetry
dowmvash angle, deg

(appendix A)

sweepback of wing leading edge, deg
sweep of wing trailing edge
sidewash angle, deg
angle in vertical plane between line vortex

and free-stream direction, deg

body
wing
tnil
trailing edge
free stream

APPARATUS

WINDTUNNRL

were made in the Langley 9-inch supersonic
tunnel, which is a continuously opera[mg, closed-circuit wind
tunnel in which the temperature, pressure, and humidity
can be controlled. The test Mach number is varied by
interchangeable nozzles which form a test section about
9 inches square.

MODRISANDMODH,-SOPPORTAPPARATUS

The five semispan wings tested are shown in figure 1 (a).
The wings were solid steel flat plates with beveled leading and
trailing edges. All wings had the same root chord, and the
maximnm thickness of the root chord was 2.5 percent.

The wings were mounted from a boundary-layw bypass,
plate so that the wing angle of attack could be changed with
the bypass plate remaining stationary. With the model-
support design illustrated in figure 1 (b), there was no appm-’
ciable leakage of air through the bypass plate at the wing-
plata juncture or from the bottom wing surface to the top.
The plan form of the plate was conservatively designed so
that a disturbance from behind the plate could not bleed
around the leading edge and influence the flow field in the
region of the surveys. The photograph of figure 2 (a),
viewed obliquely downstream, illustrate the bypass plato
and a wing model, as well as the survey apparatus, mounted
in a mockup using dummy sidewalls to represent the tunrd.
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SURVEY APPARATUS

Measurements of total pressure and downvash and side-
wash angle were made in the flow fields behind the wing.
The photograph in figure 2 (b) illustrates the total pressure
rake, which consisted of eleven 0.040-inchautside-diameter
tubes mounted 26 inch apart in a vertical row. A 2-inch-
outsidedirLmeter tube (0.050-in. wall thickness) with its
leading edge cut oblique to its longitudinal wtis and beveled
on the outside was the supporting strut. The complete rake
could be travemed both spanwise and vertically with the
tunnel in operation. The spanwise motion was accom-
plished by a lead screw directly coupled to a counter which
indicated the spanwise position of the rake in the tunnel
(1 count= O.0025 in.), and the vertical motion was accom-
plished by a gear and rack at the rear end of the supporting
strut. The vertical location -was determined by sighting
directly on n reference wedge with a cathetometer. It w=
necessary to stop the tunnel to change the longitudinal
Iomtion.

The down-wash and sidewash angles were obtained by
means of a rake of small wedges such as is illustrated in the
photograph of figure 2 (c). Details. of the construction of
the individual wedges are illustrated in the sketches of
figures 2 (d) and 2 (e). Because the smallarsize wedge used
during the tests at i14=2.41 responded too slowly to pressure
changes, a larger version of the wedges was used for the tests
at J1= 1.62. With the larger wedges, it was necessary to
increase the spacing of the wedges on the rake from % to %
inch in order to prevent apy interference eilects between the
wedges. The wedges vm.remounted on the rake alternately
horizontally and vertically, so that they would measure
dowmvash and sidewash, respectively. Also mounted on
the rake was a small x~inch-diameter mirror (fig. 2 (c)),
which was used in conjunction with an extermd light source
and a calibrated scale, for referencing the horizontal angle of
the rake in the tunnel. The small l-inch-long bar at the top
of the rake was used for referencing the vertical angle of the
rake in the tunnel, as it afforded a convenient surface on
which to sight a cathetometer.

TESTS AND METHODS

TEST CONDITIONS

The surveys were conducted at free-strum Mach numbers
of 1.62 and 2.41. At each Mach number the tunnel stagna-
tion pressure was adjusted to obtain data at two Reynolds
numbers of 0.71XIOEand 1.42X 10° (breed on the wing root
chord which was the same for all models) ...

The tunnel stagnation temperatures were around 95° F
for the low-pressure tests and 105° 1? for the high-pressure
tests.

The moisture content of the tunnel air was sticiently
low for all the tests to ensure that any etlects of condensation
in the test section -m.renegligible.

WT PROCEDURE

Schlieren studies.-Prior to the detailed surveys, schlieren
studies were undertaken of wings of the same plan form as
used in the detailed surveys in order to obtain a general
picture of the flow fields (fig. 3). These tests were made at

-11= 1.93. For all the schlieren tests, the knife edge was
horizontal in order to illustrate the density gradients in the
vertical direction and thus show the trails of the vortices,
The angles of attack of the tests were approximately the
same as the maximum angles of attack of the wings used for
the surveys.

Side views and plan views of the flow patterns were photo-
graphed. In the side views, the body was painted in a
checkerboard fashion to show up the location of the wing
trailing edge. Two tiny wires were stretched across the
tpnnel window to detine the free-stream direction. These
can be seen in the plan view of figure 3 (a) at about 1,5
semkipans from the body center line. The silhouettes in
the 10WWleft-hand corner of all the side views of figure 3
merely serve to identify the plan form of the wing being
tested. (In & 3 (b), this silhouette is rotated 90° from
its position in the other figures.)

Figure 4 shows the locations of the paths of high vorticity,
such as were sketched from enlargements of figure 3, and is
presented to aid in the interpretation of the schliercm
photographs.

Total-pressure measurements.-Total-pressuro tubes am
not sensitive to small ditlerences in alinement between tho
tube axis and the direction of the flow. For example, at
34= 1.62, calibrations have shown that a miealinement of
5° is not discernible in the pressure reading. For 10°
misalinement, the error in p~lp, amounts to about 1.3 per-
cent. For this reason no provision or correction for tho
misalinement of the total-pressure tubes with the local flow
angle was made in the present investigation.

The flow field was- suiweyed with the boundary-layer
bypass plate installed, both with and without the wing,
The longitudinal location of the croesflow planes that wore
surveyed were 1.5, 3, and 4 root chords behind the wing
trailing edge.

.With the wing installed, the wing angle of attack wrIshold
constant while the pressure survey was conducted through-
out each plane perpendicular to the free-stream direction.
It was necessary to stop the tunnel in order to chango the
longitudinal location. During each survey at a longitudinal
station, the wing angle of attack was changed without
stopping the tunnel, and the survey in the same croesflow
plane was repeated. The wing angles of attack used wore
—3°, 0°, and 3° for all the wings, as well as two highm
angles of attack. The highest angles of attack of the tests
were about 17° for the 72° eweptback triangular wing, about
14° for the 63° sweptback triangular wing, and about 12°
for the other wings.

In the survey of a croesflow plane at an assigned value
of wing angle of attack and longitudinal location, tho fol-
lowing procedure was used: The rake was set at a desired
spanwise location, then moved vertically until one of its
tubes registered the peak of minimum pressure in the viscous
wake or vortex: The pressure and location data wom tlmn
recorded. With the rake at the same spanwise station, the
vertical location w-as then changed by about one-half tlm
distance between the tubes (% in.), and the new data wem
taken. This was the usual procedure; however, in some
~es where double peaks were observed in the wake psofdej



DOWN%ASH AND SIDEWASH”-BEHIND POINTEDJHJ? WINGS 1071

H

1- In-A

k . .
~ Boundary-layer

~ Semispon wingrn

.,

[ \ ,

“1~.-- Built-up plon form with
silver solder

J t.35” u u

W“
b--- .21”

~ Two .0135” diameter
,+ (directly opposite)

//
//

orifices

r——

I

.

( ~bl “’--:-
‘L———— _—

~—---

I /

——

{

k.15”4

Two .010” diometer
,,’ (directly opposite)

/7

orifices

//
—.

---- —————
-—

,1
\\

\\
\\.\\

‘Two .030” 0. D. thin-
.
‘Two .025” 0. D. thin-

WOIItubes, soldered
back to back

wall tubes, soldered

(d) (e)
back to bock

(n) Arrangement of model, bypass plate, and sarvey apparatus. (b) Pitot rake.
(u) Wedge raka

(d) Typical wedge used in tests at iW=l.62. (e) Typioal wedge used in teats at. iW=2.41.

FIGURE 2.—Test apparatus.

‘ more than two vertical locations of the ~ke were used in
order to define the wake profile more accurat~ly. The
spanwiee stations selected for obtaining wake profiles were
tlm same as those for which flow-angle measurements were
made,

Flow-angle measurements .-The flow angle was deter-
mined by using the pressures, m mewmred on opposite sides
of the previously described wedges, and the value of the
totrd pressure at the same point. The sidewash and down-
wash were measured at the same point by taking measure-

Gy35~7_(3&7(J

ments at two vertical locations of the rake. (The equal
spacing of the six wedges on the rake in a vertical row
alternately horizontally and vertically permitted this.)
The tests were conducted in the same manner m for the
total-pressure measurements except that selected values
of vertical location were used instead of any peak value, m
was the case with the total-preeeuie measurements. I?rior
to observing and recording the vertical and horizontal
Iodtion of the rake, the alinement of the rake in the tunnel
both in the horizontal and vertical plane was checked by
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Plan view Side view

Plm view

PlOn view

Plan view Side view

(a) Triangular wing; A=5t)0; a=12°.

(b) Triangular wing; A=63”; a=12°.
(c) Triangular wing; A=72”; a= 18°.

(d) Triangular wing reversed; A= O”; ATE= –50°; .=12”.
(e) Diamond plan form; a= 12°.

FmuaD 3.-Schlieren photogmphe illustrating the flow behind various
wings. M= 1.93.

the referencing system described under “Apparatus.”
AU flow-amgle measurements were made at the desired

Iocdions, &t with only the boundary bypass plate in the
tunnel and no wing, then with both the bypass plate and
the wing in the tunnel. When the floti-angle values de-
termined from the no-wing tests were subtracted from those
with the wing present, the floxv angle caused by the wing
was obtained independent of any small variations in stream
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I?mmm 4.-Sketohee illustrating the Iooations of the paths of high
vorticity behind triangular wings.

angle. Also, since the wedges were in the same position
with respect to the rake for both the wing-on and the wing-off
tests, the use of differences avoided the question of how
accurately the angle of the small wedges with respect to
the rake could be determined.

DATA REDUCTION

The data were mechanically reduced and printed in the
form of the ratio of the mwwred pressure to the tunnel
stagnation pressure. All total-pressure data are presented
in this form; however, further reduction was necessary in
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order to obtain the dowmwwh and sidewash. Figure 5
illustrates the type of chart that was used to obtain the
downwaoh and sidewash. The dashed lines of this chart
indicate the Mach number and flow angle with respect to
the wedge axis for given pressure ratios such as two-dimen-
sional wedge theory predicts. The ordinate pw/pt’ (upper
or outboard, depending on whether a dowmvash or sidewash
wedge is used) is the ratio of the pressure on the wedge to
the mensured total pressure (uncorrected for the normal
shock ot the nose of the tube). Siiarly, the abscissa is
this same pressureratio for the opposite surface of the wedge.
With these pressure ratios and the wedge angle known,
the angle of the flow with respect to the wedge and the local
Mach number can be determined. When the chart of @me

@is used for the determination of flow angle, the parameters
are very insensitive w changw in wedge angle. The maxi-
mum discrepancy between the chart of figure 5, which was
constructed for an 8° half-wedge angle, and a chart which
was constructed for a 7° half-wedge angle was less than 0.2°
with regard to predicting the flow angle. However, with
regard to predicting the Mach number, the parameters of
the chart are very sensitive to wedge angle and since the
wedges used for the tests of this report were so small that
the wedge angle could not be accurately determined, no
Mach number data are presented for the flow surveys.

Superimposed on the theoretical curves of figure 6 are the
experimental points obtained when a typical wedge is varied
through an angle+f-attack range at three diilerent Mach

0 J .2 .3 .4 .5 .6

%/l’ {c’#ww “-}

Flaum 5.— Chart illustratingwedgepressure readings as a function of angle of flow with respect ta wedge and the local Mach number (8° half-
angle wedge).
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numbers. The good agreement of the calibration with the
theoretical limes of the chart at M=2.41, with regard to
predicting the flow angle, is shown. Consequently, the
chart was used directly for reducing the flow-angle data at
M=2.41. At M= 1.62, the discrepancy between experiment
and theory is larger than at M=2.41. Thwe discrepancies
are probably due to a side-edge effect, although theoretically
these dlects should not start appeming until the angle of
attack of the wedge is about 4° or 5°. Because of these
discrepancies, it wm necessary to calibrate the wedge rake
for the tests at M= 1.62. This calibration was made at
both tunnel stagnation pressures for which the tests were
conducted, and the correction was applied to each individual
wedge reading throughout the tests.

As previously stated, no Mach number data are presented.
A comparison of the experimental po~mtswith theory in
fibwe 5 indicates that even if the wedge angle were known
tmactly, the Mach number as indicated by the wedge theory
would still be unreliable, since, in general, the experimedal
points indicate that the lines of constant Mach number on
the chart are of a diilerent shape than predicted by theory.

PRECISION

The estimated accuracies “of the controlled conditions
during a test are as follows:
M..-------_ -----------_ -_-------__ ------___ -:-------- +0. 01
CC,deg------------------------------------------------ +0. 1
z, in. ------------------------------------------------ %
~, in ------------------------------------------------ +0. 005
z, in ----------------------------------------------- +0. 005

Checks between the values of the pressures as read
directly, and the pressureratios which were reduced mechan-
ically, established a preokion of ~ 0.003 for the p ~’fp~values.
The precision of e and-u, when estimated from the largest
possible combination of inaccuracies in the pressures, with
and without the wing present, reduce to & 0.4°. In the
case of the flow-angle measurements, it should be further
pointed out that for the tests at Mach number 1.62, an
unknown source of error existed because of the fact that
the calibration tests were conducted at Mach number 1.62,
instead of at the particular local Mach number at which
each wedge was operating. Throughout most of the flow
field this error is probably negligible. A further source of
an unknown effect on the precision of the flow-angle measure-
ments depends upon how well the finite wedge sizes approxi-
mate a point measurement. Although the wedges were
made as small as was pra&icable, the results in ‘a large
pressuregradient might be subject to considerable inaccuracy
due to this source. This effect would be especially signi6cant
for the tests at Mach number 1.62 of the 72° sweptback
delta wing, where the wedge span is approximately ?4 the
wing span.

. RESULTS AND DISCUSSION

BASICDATA

Preliminary schlieren studies at M= 1.93.—The schlieren
observations, such as are shown in figure 3, were made at
M= 1.93 in order to aid in planning the teet program. In
this figure, the regions of primary interest are regions where
huge changes occur in density in the vertical direction, such

/

as accompany regions of concentrated vorticity. Although
the free-stream Mach number is between the two MaclI num-
bers for which the detailed surveys were made, the schlkmm
photographs serve to illustrate qualitatively what cm be
expected with regard to the locations of tlm concentrated
regions of vorticity behind the wings.

Although the wings utilized for the schheren studies am of
the same plan form as the semispan wings for which the clc-
tailed surveys were made, they are smaller and are mounted
on a slender body. The angles of at~ck of the various winm
were near the same theoretical lift coefficient in order to
illustrate the variations in the flow patterns due primarily to
aspect ratio. The flow patterns for the triangular wing plan
forms of figures 3 (a), 3 (b), and 3 (c) show that the region of
vorticity for the lower-aspect-ratio wings is more distinct
and concentrated.

The paths of the main vortices behind the various trian-
gular wings are shown in figure 4. This figure was sketched
from enlargements of the schlieren photographs. For figures
4 (a) and 4 (b), where a wing shock was discerrtiblo, the
location of this shock is shown as a solid line.

Since theoretical estimates of the flow angularity behind
triangular wing configurations often approximate the flow
fields obtained by using a line vortex which is located along
the theoretical centmid of vorticity, the path of this stream-
line has been superposed in figure 4-for each wing. The clis-
crepancy inherent in this assumption is apparent. The term
“centroid of vorticity” is used to indicate the resultant
weighted center of all the vorticity in a given region. It is
analogous to the center of gravity of a similar system of
point masses.

Pressure contours,-The contoum of pressure ratio p t’/p f
are prwented in figures 6 to 32. The dashed lines of figures
6 to 32, which were constructed from the total pressuremms-
urements, represent lines of constant pressurein tho crossflow
planes for the various cxmtlgurationstested, Sinco the values
of pressurewere not corrected for the shock at the nom of the
tube, the numbers given in the plots are not the true total
pressure 10SS. Nevertheless, the contours do give a good
pictorial representation. as to the nature of the flow ficdd
behind each wing. The z/6’ location @/b’ axis) ,for a]l tho
&nres is referenced to the wing trailing edge.

It can be seen that at approximately 0° angle of attack for
all the wings tested, there is a relatively flat sheet of low
dynamic pressure approximately straight behind the wing
trailing edge. For the range covered by the tests (1.5 to 4
chords behind the wiug trailing edge), the variation, both in
shape and intensity, of the viscous wake with distance down-
stream is slight if any (e.g., figs. 6 (b) and 8 (b)). ,

& the angle of attack of a wing is increased, the line of
maximum pressure deficiency deflects downward for inboard
spanwise locations and upward for the outboard locations
(e.g., figs. 6 (c), 6 (d), 6 (e), 7 (a), 7 (b), 8 (c), and 8 (d)).
Also, at various spdmvise locations along this limj concen-
trations of lower dynamic pressureform. These am probably
concentrated regions of high vorticity which occur as tho
vorticity in the vortex sheet redistributes itself. The forma-
tion of theseregions makes it more difhcult to tram the actual
sheet of vorticity (or of minimum total pressure) throughout
its breadth at high angles of attack than at low angles of
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attack. Actually, the interpretation of the vorticity ~ting
M a sheet becomes doubtful, since practically all the vorticity
will be contained in these concentrated regions. At the same
angle of attack, it is much easier to identify the existence of
tlmvortex sheet as a sheet for the wings of higher aspect ratio
(lower sweep) than for wings of lower aspect ratio. (For
mample, the sheet is much more readily discernible in figure
6 (d), or even o (e), than it is in the subsonic leading-edge
configuration of figure 12 (d), where the vorticity is more
concentrated. Similarly, at M= 1.62, the existence of the
vortex sheet as a sheet is more apparent in figure 15 (d) than
in figure 21 (d).)

Downwash and sidewash.-In addition to the pressure
contoum, figures 6 to 32 present a vector presentation of the
flow angles existing in crossflow planas behind the vtious
wings. The projection of a vector on a vertical line is the
downwash or upwash, and its projection on a horizontal line
is the sidewash. The length of each vector is referenced from
the center of each small circle, which is plotted at the location
for which the measurement was made. The magnitude of a
1° reference vector indicates a perturbation velocity sufficient
to deflect the local stream angles by 1° in the indicated direc-
tion. In some of the figures, flow-angle data at the lower
Reynolds number are shown as dashed vectom. For those
figureswhich show flow-angle data at both R= 1.42X 10eand
0.71X 106,the pressure contours are for the bigher Reynolds
number. Otherwise, the pressure contoum are for the same
Reynolds number as the flow-angle data.

Although a more detailed and quantitative analysis will
appear in succeeding figures, the vector diagrams afford a
good pictorial representation of the flow angles behind the

.4

,2

~
Ho

-,2

-.4

-.6 ~

wings, and illustrate some of the following features”of the
flow.

At wi& angles of attack of approximately zero degrees, the
values of the flow angle which were measured are small. This
result indicates that the thickneae effect is small for the thin
y-ings of these tests.

At the same angle of attack, the largest vectors (largest
flow angles) occur behind the wings of lower aspect ratio
(higher sweep). Also, there is a tendency for the intersec-
tion of the normals of the vectom for the lower-aspect-ratio
wings to deiine a smaller region such as would be predicted
by a theoretical model of the flow using a single line vortm
behind each wing panel. For example, at IW=2.41, the flow
behind the 50° sweptback triangular wing tends to circulate
about the whole sheet of low pressure as defined by the pres-
sure contours (fig. 8 (e)), whereas the flow behind the 72°
sweptback triangular wing tends to circulate about the small
circular region of lowest pressure, which is defined by the
pressure contours (fig. 14 (d) or 14 (e)). For all cases where
this small low-pressure regioh exists, it is the vectors nearest
this region thtit are largest and whose normals come closest
to intersecting in this region. Those vecto~ which are far-
ther a-way indicate that the path of the fluid is more distorted
from a true circle.

No systematic variations due to Reynolds number were
observed for the range tested. Nlinor diilerences in the high
and IOW Reynolds number data (as for example, fig. 15 (d),
or figs. 23 (a) and 23 (b) as compared with figs. 24 (a) and
24 (b)) can be observed, but the vectors are very similar in
size and direction so that the effects of the Reynolds number
are apparently of n secondmy nature.
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,FIQuaDf3.-Premure contours and veotor representation of the flow behind a triangular wing. A=50”; iM=2.41; z= 1.5c,; R=l.42X1W;

-d).53&
pt



.—— ——. .—. —----.. . . .-. .-———-—.

1076

.4

.2

4bO

-2

-.4

-.6

-.8(

— — ..—

REPORT 138&NATIONU

– –– Constant

QQQQQ 9@/

ADvmoFtY co MMTITEE FOR AERONAUTICS

vafu=- of p+ ~pt, as labeled

.4

.2

Vector scale:

:C)
I I I I I

..2 .4 .6 “ .8 LO

-.6
-.

-.8(

&v&-,~..

?.L.lifVector scale: 0 0

d)
I I I I I

.2 .4 .6 .8 LO
v

.53

>

.2

~

-.2 -
\

-.4

t

j.ELY55”~
.2 .4 .6 .8 1.0

, Y.
77

(0) a=2.50°. (d) a=8.50°.
. (e) a=ll.50°.

FIGUED6.—Concluded.



— — ———— —---

.6

.4

.2

~z
To

-2

-.4

-.{

DOWNWM3HAND i31DHWAEE

––-Constant values

.

.495A&ig%

?Q ,5? r .$(’Vector sca Ie:

,0) ,. I I I 1

.2 .4 .6 .8 1.0

$
(a) ~=8.50°.

BHHJND POINTJ3D-Tm WING5

of Pt y Ptt OS labeled

.6

.4

.2

_z_
b’ O

-.2

-.4

-.6

1077

,,

R

*
{b)

11111
I I I I I
.2 .4 .6 .8 LO

-i
(b) CC=ll.50”.

FIGum 7.—Pressure oontoureand vector repreamtation of the flow bebind a triangular wing. A=60°; IK=2.41; z=3c,; R= 1.42X MY;

Q&o.536.

–––Constant values of p+ypt, as labeled

.4

.2

-&O

-.2

-.4

-.6

-.8

.4

Vector scale:

..

0ti20

ha) I I 1 I I
.2 .4 .6 .8 1.0

(a) a=–3.50°.

-2
..

-.4

,

-.6

-.8

@@@?@ @@

UVector scale: 0 0

b) -, I I I J
.2 ~ .4 .6 .8 1.0

(b) cc= –0.50°.

FIQURE8.—Premure aontoumand vector repraentation of the flow’behind a triangular wing. A=50°; iM=2.41; z=4c,; R= I.42x N3+,&=0.536.



. .

1078

.4

.2

to

-.2

-.4

-.6

-.8(

REPORT 138eNATIONAL

– ––Constant

ADVISORY COMMTITED FOR AERONAU’ITCS

values of p+ I/p+, as labeled .

.5357

.505>_ .515~

\535

.4

.2

z
30

-2.

-.4

L_l-lf L
.-d 1

KIJJ
0

Vector sca Ie: -.6 Vector sca Ie:

(c)
I I I I I

2 .4 ‘ .6 .8 1.0
,

+

.6

.4

.2

-.2

-.4

-.6

-.8(

_8 (d) 1. I I I I
o .2 .4 .6 .8 1.0

.495J LI I&i””
446

LJ 0
Vector sca Ie:

e) ,, I I
2 .4 .6 .8 [.0

Y
T’

(C) a=2.50°. (d) LZ=8.50”.
(e) a= 11.50°.

FIGURE 8.—C2mcluded.



1079

.4

r

DOWNTVASHAND SIDDWASH BEHIND POINTEDJJ!II? WINGS

––– Constant values of I+ ~p+, as labeled

d%’o-%-+9+o+o+

L

-.4 - bbbbwwa

6 -

Vector sca Ie:
-. I I I

2 .4 .6 .8 1.0

-.4

1

)

-.6
Qaaqaaw

LLLl
0

Vector scale:
J(C)

I 1 1 1 1
0 .2 ,4 .6 .8 1.0

+
(a) CC=-3.00”.
(c) a=3.00°.

.

“0-4’5
-.2

t

.52 \
.53

t

@@@@@@@
-.4

TL.f
0

(b) Vector scale:

-%
1

.2 .4 .6 .8 I.O

.4

.2

z
b’o

-2

-.4

-.6

_.,~d)y’”ry’e’.y.,b

(b) a=–o.lo”,
(d) a= 11.95°.

FIQUnE 9.—Preseure contours and veotm representation of the flow behind a triangular wing. A=63”; M=2.41; x=1.5c,; R=l.42XKP;
.

~=0.536.I



.-. ..— ———. ——— —.—- -—--. — — -—— .—

1080

.6

.4

“2

-.4

-.E

-4

=OBT 138&NATIONAL ADVISORY CO~ FOR AERONAUTICS

––– Constoht volues of Pt yi+ as labeled

.8

.6

.4

.2

~
tio

-2

-.4

-.6

-.8

-—-Constant

—

o)

e)
I I I I I

2 .4 .6 .8 .1.0

(0) a=13.95°.
Fmmm 9.-Cmcluded.

values of p+ ~pt, as labeled

I I I 1 I

.2 .4 .6 .8 LO

+

(a) ~=11.95°.

.0

.6

.4

.2

I
. I

---

Y&-’%
kw’

A v Ill

*O 1A {IF \\ ;\k.

‘Lf5@#i+275
-2

-.4

-.6
1

%
,Iisxm%l

ms .513\ % Vsotor sca k:

_Ql(b) I I I 1 1-
.“

0 .2 .4 .6 .8 1.0

+
(b) a=13.95°.

FKNIEE 10.—Premure cmtoum and veotor representation of the flow behind a triangular wing. A=63°~ M=2.41; z=3c,; R= 1.42X 100; -=(),530,
P&



DOWNWAS13 AND SIIIEIWASH BDEJND POINTED-TIT WINGS 1081

–––Constant values of pt yptt as labeled

.4

-,2

-.8 I(a)
I I I I I

O 2 .4 .6 .8 1.0

6

.4

.2

~
b’ O

-.2

-.4

-.6

-.8

Y
-F

ic )

—

QQA%mo (y

Vector sca Ie:
I 1

)
I

.2 .4 .6 .8 1.0

-#
(a) a= –3.00°.
(0) a=3.00°.

.2

z
To

-2
t

‘.538

[

-.4 Vwtor scale:

m

-.6 @o@e @o@

I ,

.6

.4

.2

L
b’o

-2

-.4

-.6

_8j(b)
I I I I I

o .2 .4 .6 .8 Lo

-.8
I I I [ I

) .2 4 .6 .8 Lo

4
(b)a= – O.1OO.-
(d) cc=ll.95°.

Fmurm 11.—Pr~ure ecmtmra and vwtm repmmtation of the flow behind a triangular wing. A=63”; M=2.41; z=4c,; R=1,42X106;

“ ‘=0.536.
Pt



1082

1

.4

.2

-$ 0

-2

-.4

-.6

-.8

.—_. .

REPORT 138&NATION&

–-–Constant

— —

ADVISORY COMbllTTEE FOR AERONAUTICS

values of ~~pt,. as labeled
.8 r

(e)

* $ \ LI+ ~ ‘Vector scale:

+
(e) ~=13.95°.

FIGURE 11.-C& eluded.

———Constant values of p+~p+, as labeled

/+3 /+35

‘

.4 ~

.47J ‘-
b’o -

-.2 -

Vector scale:
(YJ -

-.4

1

@m@ @ G)’@
‘ -.6

-.8 L
Vector scale: w

(a) 6 I@ 6? I I -Lo(b)

‘@em@@o
-1.OO ~ y~ I I I I

.6
I

.8 1.0 0 2 .4 .6 .8 LO

$ --”
(a) a= –3.10°. . (b) a= –0.10”.

FIGURE12.–P~ contmm and vector repmmntation of the flow behind a triangular wing. A=72”; M=2.41; z= 1.5c,; R= 1.42X lIY; ~ =0.630.
PI



.8

.6

.4

.2

4bO

-2

-.4

I ,0

.8

6

.4

2

-$bO

-,2

-.4

-.6

-.8

-,6

-.8

DOTVTWVASHAND SIDEWASH BEHIND POINTED-TJT WINGS

–––Constant

I
‘t

Vectorscale:

U-LIT

values of pt~ptl

.,

.6\

.4

.2

*O

-2

-.4

-.6 la

-.8

(c)
I I I I I I

(d)
-Lo. .2” .4 .6 .8 LO 12 -1.OO ; .; .; .; ;0 ;2

v
-i

i .0

.8

.6

.4

-2

-.4

-.6

-.8

10s3

or stole

-,.0 ‘f)
*

-1.OO ,2
.4 .6 .8 1.0 IZ Ii

1 I I I I (
O 2 .4 G .8 LO 1.2

+7 +?

(u) a=3.00°. (d) a=8.95°.
(e) CC=14.00”. (f) a= 16.90°.

FIGURE 12.—Conoluded.



.——-. .— .. ..— .- .-— ——

1084 REPORT 138&NATIONAL ADVISORY COMMITEEE FOR AJ3RONAUTICS

---Ca_@anl values af pim. 0s labeled’

4
(a) a=14.00°.

1.0-

.8 -

6 -

.4 -

2 -

*O -

-2 -

-.4 -

-.6 -

-B -

-1.0 -

-1.2)b) ; .; ‘ ‘ ‘ ~ ,;

6+”8 ‘

(b) a=16.f)O0.

FI~URD13.—Pmssurecontaure and vector representation of the flowbehind a triangular wing. A=7&; ilf=2.41; z=3c,; R= 1.42X 1(F;~=0,63L3.
P1

–L- Constant values of p+’ipt, as labeled
.8

6

.4

2

L
b’ O

-2

-.4

-.6

-.8

- l.O(
[a) b~@ 6100,I 1

2 .4 .6 .8 1.0

+
(a) == –3.10°.

.8

.6

.4

2

L
tio

-2

-.4

-.6

-.8

-1.0

Vector scaIe:

b) I I 1 I 1
2 .4 .6 .8 1.0

+

(b) a= -O.1OO.

FIQUW 14.—Pressum contours and vector representation of the flaw behind a triangular wing A=72°; iM=2.41 ;z=4c,; R= 1.42X l&;@= O.636,
pi



DOWNWASH AND SIDEWASH BEHJND POINTEDWII? WINGS 1085

If) -

,8 -

Wq PP,6

.6 -
.538\i

&8

.4 - I
c-)@z#)Qa4

/
.2 - / /

/<.538/

-–– Constant values of pt’lpt, as labeled

.8 t

v

%LrVector acole.
-1. I

2 4
1

.6 .8 LO

$
(o) a=3.0@0. (d) a=14.00°.

(e) a= 16.90°.

~Gmm 14.—Conoluded.



1086

.6

.4

2

-z_
b’o

.- .2

-.4

-.6

-.8(

6

.4

.2

~
b’ O

-.2

-.4

-.6

-.8

RDPORT 138&NATIONMI ADVISORY COMMTIT’EE

––– Constant values of pt ~pt, as

.6

I .4

88@\

D ●d2\\Q~& / ,
Vector scale:

-.4

-.6

FOR AERONAUTICS

labeled

~

Q@@ *I @

.8

@@@@@@

Vector scale:
I

n)
I 1 I 1 I 1 I

.2 .4 .6” .8 LO 12 1.4 +ilb) 4 .A .& .& Lb 1.’2 I.k

.6

.4

.2

-%bO

-2

-.4

-.6

c) I I 1 I 1 1 I -.8
.2 .4 .6 .8 1.0 12 1.4

-#

(a) ~= –3.40°.
(C) a=2.70°.

4, .

:

.75

Vector scale: ,886
.884

..
d) I I I I I J

2 ..4 .& .8 1,0 [,2 1,4

(b) a= – 0.46°.
(d) a=8.60°.

FIGmm 15.—P~ure cmtoure and veotor representation of the flow behind a triangular wing. A=50”; M=l.62; z=l.5c,; R= O.71X1O+md
‘ Pea.1.42 X1 OS;—=0.888.

Pt



DOWNWASH AND SIDEWASH B13HIND POINTED-TIT WINGS 1087

-––Constant values af p+’ip+, as Iobeled

.2 - .894 z:/ .915~=__/”

%% ? ;-- ?.88~[, “

%
.86&=52’z=—- .91.

0 -—=s=:3/ 0 / “. ~’.\
c ,.--/w– ,

–__-_ -q,/ ~- ‘=+,:,>
Vector sc - .3

‘2- - “d

-.4

-.6
1

(a) ~=–3.40°. (%) a=–o.so”. ‘
(C) a=2.65°.

lbmm 16.—Pres.mre contours and veotm representation of the flowbehind a triangular wing. A=50°; iW=l.62;Z=3Cr; R=l.42XliY;

*=0.888,



— . . .—.—————.—

1088 REPORT 138&NATIoNti ADVISORY COMMJ!ITEE FOR AERONAUTICS

--–Constant values of ~’1~. 0$ Iobeled

.2

*O

“2

-.4

-.6

I m. \ /-B6 ‘——$.

t

.6 .8 10 12

-+’

.4

2

z.
Bo

-2

-.4

-.6

-.8

0

o 0 /9;A.FO-6
‘- .95’

.~”
/:88 //

=:.=- o 0//’ o ~
- Vectorscale: \ .89

(c) w F 1/
1 I I

2 .4 .6 .8 10 12

3“

(a) a= –3.40°.
(o) a=2.60°.

‘\ \

-&’
(b) a= – 0.50°.
(d) a=8.50°.

FIQURD 17.—PreMure contoure and vector representation of the flow behind a triangular wing. A=50°; M= 1.62; x=4c,; R=O.71 X Iv

and 1.42X1W; ~=0.888.



6

.4

2

L
b’ O

-.2

-.4

-.6

-.8

-1.0

.8

6

.4

2

4bO

-.2

-.4

-.6

-.8

-1.0,

DOWNWASH AND SIDEWASH BD~ POINTEID+IW WINGS 1089
-––Constant values of p+ ~fi, as labeled

/
/

/ Vector sca Ie:/

a) I @ ‘9
I 0, Qo+

.2 .4 .6 .8 1.0 12 1.4

4

*

c) 1)I
2

I I I I I
.4 .6- .8 1.0 12 [.4

4
(a) a=–3.05°.
(o) a=3.00°.

.6

.4

2

~
Ho

-2

-,4

-.6

-.8

-Lo(

.8

6

4

2

x
b’o

-.2

-.4

-.6

-.8

-1.0,

Vector sca Ie:
a

.9;

,d) \
I I I I I I

2 4 .6 .8 K3 1.2-– 1,4

+

(b) a= –0.15°.
(d) a=8.95°.

FIcunm 18.—Preasure contours and veatm representation of the flow behiqd a triangular wing. A=63°; ilf=l.62; z=l.5G; R=1.42X106;

@&=o.888.



—— -..

1090

.e

.6

.4

.2

4bO

-2

-.4

-.6

-.8

-Lo‘
o

REPORT 138@NAmONAIJ ~’~ORY COMMITI’EE FOR AERONAUTICS

–––Constant values of q yf+, as labeled

.4

.2

%0

-2

-.4

-.6

-.E

-Lc
-\

2 .4 .6 .8 1.0 t2 1.4

+
(e) Q:ll.90”.

I?mmm 18.—ConcIuded.

––– Constont values

+“
cl) Vector scale

I I I 1. 1

2 .4 .6 .8 1.0 12 14

+
(a) cc=8.55°.

of pt ~~, as labeled

.8

.6

.4

2

~
Ho

-2

-.4

-.6

-.8

-1.0,

-#

(b) u=ll.65°.

FxQum 19.—Pressure contoum and veotor representation of the flow behind a triangular m-rig. A= 63°; M= 1.62; z=3c,; R= 1.42X 106;~ =0.888.



DOWNWASH AND S~DW~ BEE(ND POIN’’PEID-TIP ~GS 1091
––-Constant values af 1+’1Pti as labeled

.6

[

C?r\& 0+ 00

,4 /

-.4 -
/-” /’

f 0’ 1
/

-.6 - & ~ ~’~ ~j!

I

-.8 - Vector scule: ___>:;2J, /l”

-1.0 - b’+ *86 ‘~//’m ~
‘A

‘---- /_l,2 (a) I I I I I \/
1

0 .2 .4 .6 .8 1.0 12 1.4

-t

.8

6

.4

2

A
b’ O

-,2

-.4

-.6

-,8

-1.0

~1.2

I

*~””

.$81
I

Q

>,”</ o “$y’op86

/
/ /

L

— ._
//

<- ‘ -.89. 0 A @
-\\

Vector smle:

-wz.:~’ ~, ~
(c) , --\I I I I ), I

2 .4 .6 .8 1.0 12 1.4

%
(a) aUI-3.300.
(0) a=2.85°.

.6

r
@ @a

I -.

-i

I .8?2. \
.4

-2

-.4

-.6

t

‘t

++/ -
—.—// ——— -. 84/ ./

.1
-//----

-.8 %@
“e &d

Vector scale:

LIJ __

“30\_/

-1.0 --= .91~---
\,- //

-1.21(d)
\’.

. I I 1 I 1

0 .2 .4 .6 .8 JO 12 1.4

$
(b) a=–o.35°.
(d) a=8.90°.

FIaUEEi20.—Preasure contours and vector representation of the flowbehind atrimgukwing. A=@”; M= 1.62; z=4c,; E-1.42X 10°; ~ =0.888.



—.—

1092

-lo

t

6

.4

REPoB!r lS8&NATIONAL ADVISORY

–––canstoni values Of

:[ /’/’

COMMI!M’ED FOR AERONAUTICS

~y~ as labeled

1
//-—---- .a7. _.=

.4 -

~ ~

#o -

-2 -

-.4 -

-.6 -

-B -

-Lo-

-12 I I 1 1 I I I
2 .4 6 .8 m 12 1.4

-#

(e) U=ll.65°.

FIQURD20.-0mcluded.

-—Cautan! kluss d ~Y~ as Iobsled
1.0

remou

-B

t
-LO -

-12-
war scule: ‘tJJ’

-1.4 - c+ 06 0 0

(0)
-Lqj

I I t
2 4

I I 1 ,

6+-’” ‘O K ‘4

(8) a= –3.00°.

.8

.6I
.684

-.6t ii

(b) a=o.05°.

F1QuBE21.-Pmmre contouraandvectorreprewntation of theflow behind atriangukmving. A=72°; MU 1.62;z= 1.6c,; R= 1.42 X 106;~=0.0136,



1,2

Lo

.8

6,

A

2

*o

-2--

-.4

-.6

-B

-Lo

-1.2

-1.4

Dom.AsH AND SIDEWASH

—-Caw!d volues

&y
\l
Il.

0 00 LO
) I I I t ! ! 1

2 .4 .6 .8 LO 12 1.4

4

1.4_

12 -

1.0-

.8 -

.6 -

.4 -

2 -

-$0

-2

-.4

1

-.6 .

-B

.-LO1

BEHIND POJNTED-TIP WINGS

of ptyp,, 0s lobeled
1.2 -

If) -

.8 -

G -

.4 -

2 -

/

+70 . .

-2” -

-.4 -

-B -
~\

-LO

I
-12 .

-,.4$1 I I r I I 1 !

.2 .4 .6 .8 LO Q 1.4
\

3

.

Cj o-6.=e//
Vector scnle: &J-

-1.2pI I I 1 1 I J
2“.46.8LO12

v

(0) a=3.15°. (d) a=8.95°.
(e) a=16.85°.

l?mum 21.—Cbnoluded.



1094

1.2

1.0

B

6

4

2

+0

-2

-.4

-.6

-B

-1 c

-1.2

-1.4

REPORT 138&NATIONAL ADVISORY COMMI’ITEE FOR AERONAUTICS

---Gmtonl volues ot RYr+. us Iokled

f’ -“ 0

-.-—- \ B9-”’
\ /“/
1-.--:-<

1.01- .<” ,~-.-

, (\---, \,\

--%–-----...:_-30..

vdorsde:------
\

“9$
d CZJ“2’..:

o I 1 t ! I I
2 4 6 8 10 G? <4

-L2J’b’ ~ .4 ,; ,: -,0 ,2 ,1

v v
-b

,

(b) y= 16.86°.
vector rep=entation of the flow behind a tn’angular wing. A=72”; M=l.62; z=l.6c,; I2=O.71X1OO;

(a) a=8.95°.
~IGUaE 22.—pr@sure contours and

~=o.888.

---ccmhml VOtws d ~,~ as Meld
1.4

4 I

f~ti”

12L2r

I.o\

~- —.-
.8 -

6 -

.4 -

2 - ..~-—

-$0

-2 -

-.4 -

-.6 -

,.-

,

-L2 I \

.I.4J(0) ; ,4 1 1 1 I 1 ‘1.4~b) j .4 .& ‘ ,& ]; & ~~

VmEL4-
Y

(a) a=8.f10°. (b) a~16.80°.

Fmum 23.—Pnwmre contoumand veotor representation of the flowbehind a triangular wing. A=72 0; .ii=l.62; x=3c,; R=l.42X l@;~=O.888.



1.2

1.0
[

.6

6

4

2

*O

-2

-.4

-,6

-B

.

DOWNWASH AND SIDEWASH B~ POINTED-Tin WINGS 1095
---Cadant values of fi~. as Iotded

L4r

1 ,p\. )91

[

t

I Ykm, ‘ ;~\
/

WOf de: ‘;.’
Lr”

%

(a) a=8.90°.

12 -
P“-”-*.? &

‘3
/-\ \

If) -

B

6

.4 -

2 -

$0

-2 -

4 -

-,.40 ‘b) ; .; , , , , 1

-Y m u ‘“4

(b) a=16.80°.

171GwrtE24.-Prewure contoure and vector repr~entation of the flow bebind a triangdar wing. A=72”; M= 1.62; x=3c,; R= O.71X 10°; ~=0.88&

-––Camtanl values of pt’~, as lobeled

.8
r

dddem

-.6

I

“’j .676 .Y’
1 ~-’-

+4

-.6

-1.0I

G20G074&71

-.4

-.6

-B

I

(b) a= –0.30°.

vector rep~enkation of the flow behind a triangular wing. A=72°; itl=l.62; zu4c,; R=l.42x106;
~=f)8$3&



— — —... .. _—.—

1096 REPORT 138~NATIONAIJ ADVISORY COMMITTED FOR AERONAIJIHCS

L2r

—- Cz=nstardvolues of ~ YW as Iobeled
10

[
P QD D 0

.6

6

.4
1-” y p y-\;

5
(o) a=3.10°.

Fmmm 26.-Concluded.
—-CaIUl~ vakes of %’~. cs labeled

;
(a) a=9.00°.

Fmmzn 26.—Pressure contoursand vector reprwwntation of the flow behind

1.4

L4r

s -

2 -

&o

-2 -

I

-.4 -

-.6 - .$%

“

ii

(b) a=16.f10°.

,atriangularwin.g. A=72”; .M=l.62;z=4c,; R=o.71x 106;



.6 -

.4 -

2 -

L
Bo —

-2 -

-.4 -

-.6 -

DOWNWASH AND SIDEWASH BJZKUJD POIN!I?ED-TYT WD?JGS

––– Constant values of, pii~, as labeled

\ ,/
\
\ /’
r

?3%n’c)D/’p
/

./ .902”

1097

Y3n Q//’o y’ Q

t

O’@ @ ~LcJ/’ P a+
-.6

‘ Vector scule: w ,k, Vector sca 18:
I I I I I I

2 .4 .6 .8- K) 1.2 l.k

.6-

.4 -

.2 -

% o —

-2

-,4 -

-.6 -

-.

$.\; .84+
+3,A 51 ‘6

I

-8 I(c) Vector sale: M
I I i

o .2 .4 .6 .8 [.o 12

+

(a) Ct=-3.30°.
(C) a=2.70°.

f?

H-‘0

-2 -

-.4 -

-.6 -

(d) Vector scale: TIJl!T
-.80 .; .~ .; .8 ,~ ,;

(b) a= – 0.45°.
(d) a=8.60°.

FIGURE 27.—Premurc contoure and vector repm+ent.dion of the flow behind a revered triangular wing.

R=1.42X106; ~=0.888.

.

-i

A=E=—500; ill= 1.62; z=l.5c,;



1098

.4

.2

z
b’o

-2

-.4

-.6

-.8(

.6

.4

2

z
b’o

-2

-.4

-.6

-.8,

. .

—

R131?ORT 138&NAmONAL ADVISORY COMMITTED

––– Constant values of p; t~, as

Vector scaIe:
c) ,’ [ I I I I I

.2 .4 6 .8 LO 1.2 1.4

#
(a)a=’–&50°.
(0) a=2.70°.

.4

.2

%‘o

-2

-.4

-.6

-.8 (

.6

.4

.2

!
‘i o

-2

-.4

-.6

-.8

—

FOE AERONAUTICS

labeled

\ /
‘%9--’

.89-’-’\\ .

$Vector sca Ie: .
G 3-’%%-+

m
b) I i I I I I

.2 .4 .6 .8 [o 1,2
v

—

‘,91.

/’ .69,

/’ I \J’do-+-y. ‘.
‘\

Vector scale: lllJT
d) I I I I I I

2 .4 .6 .8 1.0 12 [k

Y
-U(

u

(b) a=–0.45°.
(d) a=8.55°.

FXGTJIZE2S.—Preasure contoure and veotor representation of the flow behind a revereed triangular wing.

R=l.42xllY; ~=o.ss8.

ATg=–600; M=l.62; XX3C7



DOWNWASH AND SIDEWM3H BEEUND POINTI!lD-!MP WIlKk3 1099

,2
1

L
b’ O

-.2

-.4

-,6

-.8 (0)
/.88-5- — —

I I I I I 1 I
o .2 .4 .6 .8 1.0 1.2 1.4

6

,4

,2

-a
b’ O

-.2

-,4

-,6

-,8

Y
i7
(a) a= –3.35°.
(o) a=2.90°.

of p+yp+, as labeled

2
t [

-—. ”

.8841

?6

.4

.2

-F o

-2

-.4

-f

-.8

+

(b) a- –0.15°.
(d) a=8.60°.

Fmwm 2fL—Pressure contours and veotor reprewntation of the flow behind a revemed triangular wing. ATE= —50°; M= 1.62; x=4,;

R=1.42x 106; ~=0.86&



..—.

1100

.--— . . .

REPORT 138 bNATIONAL ADV180RY COM&UTCED FOR ADRONATJTICS

.8

6

.4

2

*O

-2

-.4

-.6

-s

-1.0

-1.2
(

E

.6

fl

2

$0

-2

-.4

-5

-B

-Lo

-1.2

1)
-

c)

–––Cm.stnnt values of !+YW os labeled

.8

. 4

i\ //

2

-%bO

-.2

-.4

-.6

Vector sca k
-1.0

b dt)oo
I 1
2 .4 .6 .8 LO 12 -1.2,

Q

P
:

.8

.6

.4

.2

-to

-2

-.4

y%%% -.6

-.8

Wctor scolo “w

c1 CQ+Qa -Lo

1 I 1 I I J
.2 .4 .6 .8 LO 12

-1.2 ‘d) $’ ~ & .& /0 /2
v

.

-i

(b) C2=o”.
(d) a=8.DO0.

(a) a= –3.00°.
(u) a=3.00°.

~. &@\ 0’ 9
-“.884

Vector sca18:

a @a Q@
b)

1 (
2 4

I
6

I
e

I I
m 1.2

-k

./–—s’8-”

Wctor scale

FIGURE 30.—Pressure contoma and veotor representation of the flow behind a diamond-plan-form wing. A= —ATEu60”; M=l.62; s=l.6c,;

R= 1.42X NY; ~=0.8S8.



DOWNVASH AND SID13W.ASHBEHIND PO~ ~GS 1101

I.c

.8

.6

.4

2

to

-2

-.4

-.6

-.8

-Lo

-1.2,

‘– Constant volues of. I+’ lR, 0s labeled
1.o1-

.6

.4

1

.,

2

-2 -

-.4

-.6

-.8

-Lop .j ---
L

I I I J
. . 8 IQ 12

v

-b

(e) ~=11.90°.
FIGURE 30.—Concluded.

—- Ccostont tubs of pr ‘/fl+0s IOkled
I .0

J #v\~
p

:’yy- ~
.s ‘.90-”

___
----s0,

\

I .7WA ‘1
(
,

.77<

0) \
I t I t \., I

2 .4 .6 ‘.8 [.0 12

.4

2

to

-2
[-

-.4

-.6 -

-B -

-1.0 -

(b)
-1.2~

. I II
.

/ I
.4 6 .8 LO h

4
(a) a=8.60°. (b) a=ll.90°.

FIGURE 31.—Preasure contours and vector representation of the flow behind a diamond-plan-form

cc=3c,; R=l.42X 1(Y; *=0.388.

#,.

Wing. A= —AT8~500; AIx1.62;



— .__— — —— ---- —— ——- .-— —.—-

1102 REPORT 138&NATIONAL ADV180RY COMW!M’EE FOR

.8r
–––Constant values of F+’@t, as labeled

-.6

L

USA%

.B Vectar scnle:

;Ij!Jzm_
.2 .4 .6 .8 1.0

v

%’

.8

.6

4

.2

%0

-2

-.4

-.6

-.8

-1.c

-L2

{
\ /

<.=
‘---- x

$9
Vestar sca Ie:

&-”-&\.&–4~

-.
[c) .

I I I I 3.Q I
2 .4 .6 :8 10 12

-.-—

AERONAUITCS

63’

I

0[

@

9

2
b

.8

.6

.4

2

0

-2

-.4

-.C

-I?

-Lc

-1.2
d)

/

Ii
Vector scale:

.,,/ \ /’
\“/

c-%+ 89J
,b)

I I I 1- 1
.2 .4 6 .8 LO

+?

~--j?%-+<

r ./ _ --L

-4–

—

+
(a) CC=-3.15”.
(0) a=2.90°.

y7=j.~ “ Veci& stole:
L / W.2”

J7/’.9-&---------
1 I

.2 .4 .6 .8 1.0 1.2
v
-a

(b)a=-O.lOO.
(d) a=8.75°.

FIQUhII 32.—Preasura contoure and veotir reprwmtation of the flow bebind a diamond-pti-form wing. A= —ATE=500; M=l.62; s=4cr;

R=l.42XHY; ~=o.88&



DOmLSH AND SIDEWA8H BDHIND POINTED-TIT WINGS 1103

ANALYsls

All wings at low angles of attack.-The flow data for low
rmgles of attack are summarized in figures 33 to 35. In
these plots, valuea of – &/ba below the zero axis are down-
wash, rmd values above are upwash. Each experimental
point represents the slope of a curve of e against a, which
was drawn through the measured values of e at wing angles
of attack of approximately –3°, 0°, and 3°. Thus, the val-
ues are not necessarily the true values of – &/bci near a=OO,
such as should be compared with the theoretical curves, but
represent the average slope over a iinite angle-of-attack
range ( 4Z30). The z/b’ values quoted in these figures refw
to the distance above and below the wing trailing edge at
the root chord,

Becnuse the point at which the dowmvash was being
measured remained iixed, while the wing angle of attack
was varied, the experimental values correspond, physically,
to the cnse of the dowmvash at the tail behind a variable-
inciclencewing, rather than to the usual case where the meas-
uring point is fixed with reference to the wing chord plane
extended,

In figures 33 to 35, various theoretical calculations are
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FIGTJIUJ33.-Spanwiee vm”ation in
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~ nw a=OO (+ 3°) for three

triangular wings. M=2.41; R= 1.42X l@.
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FIGURE 34.-Span*e variation in
–ae
~ near a=Oo (+3°) far three

triangular wings. ‘ M= 1.62; R= 1.42 X1OB.

presented. In these calculations the vort~ sheet was as-
sumed flat, undistorted, and located in the z/b’= O plane.
Details of these theoretical methods are presented in appen-
dixes Ato D.

Three theoretical estimates are presented in the plot on
the left of figure 33 (a) to compare with the experimental
spanwise –&J& variation for a zjb’ location of –0.049.
This comparison is for the trianbtiar wing whose leading
edge is most supersonic and for the longitudinal location
which is closest behind the trailing edge (x=1 .5G). Because
the experimental z/b’ value was so near O, the theoretical
conical-flow calculations were made ‘at z/b’ = O to facilitate
computations. The agreement was poor and the conical-
flow method does not appear to give any better agreement
than the leasrigorous vortex methods. Further downstream,
as in the plot on the right of figure 33 (a), the intite-line-
vortex method gives closer agreement with experiment.
This result might be expected since any eflect of chordwise
loading becomes less important with distance downstream,
and the assumption of iniinite line vortices becomes more
realistic. The theoretical estimate made by the horsesho~
vortex method shows this same trend of better agreement
between theory and experiment with distance downstream.

lS20Gl17-O&’72



—— .. —._ .— .

1104 REPORT 138 fiNATIONAl ADVISORY COMMTITEE FOR AERONAUTICS

.8
(a)

f \
‘%’

1

x = 1.5q E x =4cr
.4 0 0.346 , 0 0.313

8 :%
:. ;.;:

A

e “
o

I
/

~ ,
0

-4 u—.
/; /

. ‘. ‘.\.,
/ /’ ‘..‘.,~ / ‘Theory, infinite linevorticeq; =Q093 ~ “ “ -Theory, infinite line vartices, fi = (2093.

-.s / / -. .. .- .
/ . . /

/
‘WlmOry, infinite line vwtices, fj=-O.317 / ‘.” ‘Theory, infinite line vortices, 3 = 0,317

i,
.8

(N I

\ A

f’
/ .

X = L5q / ‘~’ -- - x .’4C,

.4 —— – 0 0.588
/ /-

//
o 0.697

: -;:po # ,/ ~ ~:~g4
a -527

0 7

*$
e

~ ~

-.4
d’ & ~

/
d’ . y .

-.8 %. ‘/ ‘ /<
/’ I

----
- .-.

.~ -’--Theory, infinite line vortices,‘., 5~0225
.

/ ‘/ . .- . . ‘ ‘Thecry, Infinite line varticeq + = 0.2G2.
/“ ---- , --- / - -.

/ / .
- -Theory, infinite line vortice5,$‘ -0.150 -’--Theary, infinite line vortices, ~ z +184

-12
/ ,

0 .2 .4 .6 .8 Lo 12 0 .2 4
Y

.6 .8 Lo 1.2
Y

F 7

(a) Revenwd triangular wing, A.z= – 50°.

(b) Diamond-plan-form vring, A= –ATE=50”.
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As the wing aspect ratio is progressively decreased (sweep-
back increased) at a constant Mach number, the values of I
– @Rw become more negative. (Compare fix. 33 (a), 33 (b),
and 33 (c).)

At a Mach number of 1.62, similar comparisons bohveen
qeriment and theory are made in figure 34. The experi-
mental curves at z= 1.5c, (left side of @. 34 (a)) show that
the Reynolds number effect is small. The wing of this figure
has a supersonic leading edge, although the leading-edge
shock is detached. The agreement between tite-line-
vortas theory and experiment is not too good, nor does it
improve much vvith distance downstream, as can be seen
from the curves at the right of figure 34 (a). Figures 34 (b)
and 34 (c) are for wings whose leading edges are subsonic.

For the subsonic leading-edge -wing of &gure 34 (c), theory
and espe.riment are in good agreement close behind the
wing (z= 1.5%). However, for the midspan portion of the
ting, more negative experimental —bc~ Values are en@~-
tered than theory predicts, at the farther dovmstre.am station
(Z=4C,).

1

Figure 35 (a) presents the spantie variation of – 2)@a
for the revemed tiangular wing. The theoretical lrxding
for the wing is triangular and the equally spaced infinite lim
vortices give good agreement between theory and espmirnent
at both longitudinal stations.

Figure 35 (b) presents the sparmise – &/Z)a varktion for
the diamond plan-form wing. For this wing, the spamviso
–b+k variation resembles the variation M obtained for tlm
triangular wings.

Subsonic leading-edge triangular wings at higher angles
of attack.—Because of the tendency for the vortex sheet
behind the subsonic leading-edge triangular wings to roll up
rapidly into a single strong region of vorticity (see vector
plots), the use of a single bent-line vortex (appen&x U)
seemed justifiable to represent the flow field behind the wing,

The proper location of this bent-line vortex, however,
should be examined. In order to study the vertical locations
of the vortex sheet, plots are presented in figures 36 to 38
to show the vertical variation of the sidewash for the three
subsonic leading-edge triangular-wing cotigumtions, TIIo
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FIGURE36,—Vertioal variation of the eidewash at stations behind 72° ~eptbaok triangular wing. M=l.62; R=O.71 X I&.

1.6

,8
z
-,b

o

-.8

1.6

.8
~
Lf

o

-.8

-8-4048 -8 -4 0 4 8 -8 -4 0 4 8
Sidewaehongle, k, deg

(a) a=9°.
(b) a=12°.

FmuRE 37.—Vertical variation of the sidewash at stations behind 63° mveptback triangular wing. M= 1.62; R= 1.42x106.

mpmimentnl points were cross-plotted from curves of u curves of the wedges, and although not presented, they are
ngainst span for the varioua z/b’ locations. Curves are known to be greater than 10°.
shown in each of the plots of these figures for two values of The experimental curves of figures 36 to 3S are compared
y/b’ inboard of the theoretical centrokl of vorticity (which tith theory and in this case were computed by assuming a
is located at about 0.8b’). The rnkii points near the single bent-line vortex to represent the flow field. The
perk in figure 38 (b), behind the lower side of the wing, are bound portion of this line vortex was placed along the wing
not shown because the values were beyond the calibration center-of-presmre location, and the spanwise distance
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between the semi-irdnite legs of the vortex and the strength of
the vortex was determined horn the theoretical span load
curve. The expression for the potential in the field of this
bent-line vortex was taken from reference 19 and diihren-
tiated with respect to y to obtain the sidewash. (See ap-
pendix C.) The theoretical curves shown in figures 36 to
38 were all constructed on the assumption that the vortex
remained in the free-stream direction downstrewn of the
wing. The horizontal arrow on each plot denotes the z/b’
location of the zero-sidewash-poiut to which the theoretical
curves may be shifted according to an over-all empirical
correlation based on the present set of data. This point will
be discussed subsequently. Comparison of the theoretical
and experimental curves of these figures without performing
this shift cmresponds to the assumption that the vortex
follows the bee stream from the wing trailing edge. The
improved aggeementw-henthe shift is made can be visualized
in these figures. Furthermore, it can be seen that if the
shift is made, the single bent-line vortex predicts the side-
wash reasonably well.

The z/U locations where the sidewash changes direction
are plotted against the distance behind the wing trailing
edge in figure 39. The square and diamond symbols on
these curves came from figures 36 to 38. The circular
symbols are for the z/V location of the vortex as obtained
from the pressure contours.

The dashed curve-sin the plots of figure 39 are a side view
of the paths of the vortices behind the wing, obtained by
assuming that the vortices left the wing trailing edge and
moved at an angle with the free-stream direction because
of the induced velocity from the vortex of the opposite panel.

0 4 8 12 “ o 4 8 12
$ +

(a) Triangular wing; A=72”; M-1.62; P cot A= O.414. ,
(b) Triangular wing; A=63°; M=l.62; 9 cot A= O.660,
(c) Triangular wing; A=72”; M=2.41; IScot A= O.712.

Fmmm 39.%ide view o~ the effeotive vortez-sheet loaatians for
three subsonic Umding-edge, triangular-wing configurations.

tho
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Tho angles 1#1and a referred to in figure 39 (also fig. 40) am
illustrated in @cetch 1. The solid-line m.rve of figure 39

z

~-JJortex position corresponding

~*&z0ffig”3’

‘\ =.
“.-Vortex position cmrespcmhj

to doshed curve of fig. 39

Sketoh 1.

is a line fnired through an approximate average of the experi-
mental points parallel to the dashed curve and having the
same #/a values at both angles of attack. The fact that
this solid-line curve is above the wing trailing edge at xJb’=0
might be expected, since previous experiments (for example,
refs. 24 and 25) have established that for a subsonic leading-
edgo trirmgularwing, a leading-edge vortex is formed above
the upper wing surface. It would necessarily follow that
the centroid of vorticity at a longitudinal station correspond-
ing to the wing trailing edge is above the trailing edge.
Such a conclusion is definitely indicated in figure 39 in spite
of the scatter of test points. It is horn the solid-line curve
of figure 39 that the locations of the previously mentioned
horizontal arrows of @urea 36 to 38 were taken.

Since the slope of the solid-line curve of figure 39 can be
predicted by theory, it would be possible to obtain a more
nccumte prediction of the flow field if the height of the
starting point of this curve above the trailing edge could be
predicted by theory. At the present time, a theoretical
method for the prediction of the location of the leading-edge
vorte.. above the wing surface is not available. Various
attempts were made to correlate the @/a values as given by
figure 39 with P cot A, and the parameter selected as the
ordinate in figure 40 plotted against P cot A appeared to
give a reasonable variation. The complete elliptic integral
of the second kind (E(t’)), occurring in this parameter
comes from the expressionfor the lift coefficient of a subsonic
lending-edge triangular wing. Although each experimental
point of figure 40 represents two angle-of-attack conditions,
thwe are in reality still too few points to generalize on this
empirical relation. The chart of iigure 40 is presented,
however, as a preliminary approach to the problem since
the data cover a fairly wide range of /3 cot A suitable for
current missile design and since any correction for the height
of tho qmtroid of vorticity above the trailing edge will
probably greatly improve estimates of the location of the
Iino vortex at distancea behind the wing.

The lack of any correction for the height of the centroid
of vorticity above the wing trailing edge was very noticeable
in the plots of sidewash against span such as figures 41 and

42. Without the correction, theory and experiment were
often of opposite sign. The theoretical curves that are
shown in figures 41 and 42 were calculated by using the cor-
rection for the height of the centroid of vorticity above the
tmiling edge as obtained from the solid line of figure 39.

Bwtli
FIGURE 40.—Chart illustrating height of centroid of vorticity above

the trailing edges of triangukw wings with subsonio leading edges.

In order to check the accuracy and the importance of
making the correction for the vertical location of the line
vortex as it leavw the wing trailing edge in the theoretical
model of the flow, calculations of the tail eiliciency for model
BWm0T4 of reference 12 were made by using the height of
the vortex above the wing trailing edge as taken horn figure
40. The calculations were made for a iixed -wing-tailmissile
of this type but are not presented since the correction was
negligible. This might be expected since, at higher angles
of attack where the correction becomes sizeable, the location
of the tail is too far from the line vortex to experience much
d.iilerence iD the downwash estimate acting on it. With a
shorter tail arm the correction could become significant.
Also, for the case of a missilewith a mririble-inoidence wing,
the correction might prove important.

Some lift data for a variable-incidence wing configuration
are illustrated in figure 43. The data shown are for a delta
wing and body configuration at Mach number 1.50 and -were
taken from reference 26. The data shown in figure 43 are
for a wing incidence of 8° relative to the body.

Figure 43 illustrates the relative importance of the com-
ponents that enter into an accurate prediction of the stability
characteristics of such a missile. The dashed theoretical
curve represents the lift curve that would be predicted by a
theory derived by Warren A. Tucker at the Langley Labo-
ratory. This theory ccnsiders all the interference lifts be-
tween the wing, body, and tail exclusive of the wing down-
wash effects. This theoretical curve should be compared
with the experimental C&F~~W curve, which is the exper-

imental lift of the missile exclusive of dowmvash effects.
The two dot-dashed curves are the resulting lift curves when
the dowmvash, as determined with and without the vertical
displacezqent correction of the vortex, is applied. For a
given dowmvash estimate, the revezw-flow theorem was used
to obtain the incremental tail lift, which was in turn applied



——- —. ——.—- -.

1108 REPORT 138&NATIONAL ADVISORY

—Theory (9@e

COMMYM?EE FOR AERONAUTICS

Lwd-line vortex)
12

8

4

0

-4

-8

-12

-16
16

12

~8
-0

7- 4
=-
go

a34

f -8

+2

12

8

4

0

4

-8

42

0 .2 .4 .6 ,, .8 II) 12 1.4

(a) Dowmvash; z= 1.5c,.
(0) Do-ivnwosh; x=3c,.
(e) Dowmvash; z=4c,.

12

8

4

0

-4

-8

-12

-16
16

12

~8
u

$4

go

;.4
a
3 _8

-12

12

I I I J
&-

0

4
I r\hi I

-8

I I I I I Y+. 1]

‘2 f)!
O 2 .4 .6 ,, .8 10 12 14

-$
(b) i3idewash; z= 1.5c,.
(d) Sidewash; z=3c,.
(f) Sidewash; z=4c,.

FIGURE 41.-Spanwise variation of dowmmsh and sidewaeh for 72° mveptbrmk
triangular wing. M=2.41; IZ=l.42X1CP; CY=17”.

to the theoretical lift curve predicted by Tucker’s th~ory.
These t-ivotheoretical dot~ashed curves should be compared
to the CL~W=c~e.

In the estimata of the down-wash,the line vortex from’ each
wing panel was allowed to deflect with distance downstream
as in reference 27 (i.e., with an induced velocity as deter-
mined by the vortex from the opposite panel, and the image
vortices in the body, as -well as the induced velocity horn
the body crossflow). The only d.iilerencein the two curves
is that one included the vertical displacement correction at
the wing trailing edge and the other did not.

It is interesting to note that if Tucker’s theory predicted
the lift. correctly, then near a body of singleof attack of 0°,

which is where the wing-alone data of this report am most
applicable, the theory using the dqlacement correction for
the vertical location of the vortex and the e.xpmimental
C’,m curve would almost coincide. At higher angles of

attack, the use of the vertical displacement correction to the
theoretical dowmvnsh estimate gives poorer agreement. If
the theory underpredicted the dowmvash at large distances
from the vortex (i.e., the vorticity is more dif@sed and not
concentrated in a single line as assumed by the theory),
then this poorer agreement might be expected since tho
vertical displacement correction is predicting that the vortox
is farther from the tail with the correction than without.
Indications in iigures 41 and 42 are that, at large distances
from the vortex, theory tends to underpredict the downwnsh.
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FIGURE 42.-Smmvke variation of dowmvash and

+ .

(b) “Sidewmh; z= 1.6c,.
(d) Sidewash; z=3c,.
(f) Sidewash; z=4c,.

sidewash for 72° mveptbaok
“triangular wing. 14=1.62; R=1.42X105; CC=17”. -

Supersonic leading-edge triangular wings at higher angles
of attack.-Although no abrupt transition is apparent in the
character of the flow fields when the leading edge of a tri-
angular wing undergoes a change from a subsonic to a super-
sonic cordiguration, there is a difference in the types of flow
in that, for comparable angles of attack (or even comparable
lift coefficients), the vorticity behind a wing having a super-
sonic leading edge appeam as more than one region of strong
vorticity or possibly still retsins its identity as a sheet. Tho
60° sweptback triangular wing at a Mach number of 2.41
(the wing whose lending edge is most sup-ersonic)was selected
for comparison with the various theoretical techniques of
predicting the flow angles behind the wing, inasmuch as the
other configurations with supersonic leading edges will be
bracketed by this wing and the wings with subsonic leading
edges. The comparison of figure 44 should best illustrate
the advantages or disadvantages of the various theoretical
methods. In this figure, the location of the expeziment~

wake center line as determined tim the pressure proiiles is
plotted as the circular symbols. Comparing the location of
the vortex sheet as determined by the various theories with
the experimental location of the wake center line should give. . .
a good- over-all mchcatlon of the merits of the various
theoret@ methods,

The location of the vortex sheet for the conical-flow theory
was oomputed by calculating the downwash in the z=O plane
at stations O,0.25, 0.50, 0.75, 1.0, 1.25, and 1.5 chords behind

the wing trailing edge. Since z
‘If*=J@plOtsof

c against z for given spanwise stations, when mechanically
integrated, determined the vertical looations of the vortm
sheet that am shown in iig-ure44.

The location of the vortm sheet for the horseshoe-vortex
theory was computed in the same manner as for the conicsd-
flow theory mcept that, in the evihmtion of the dowmvash
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FIGURE43.-Camparieon of theoretical and eqwimental lift for a miesile having a triangular wing and tail with the wing at 8°[inoidence, ueing
, thmretical dowmvmh Airnat=. (Experimental data from ref. 26 at M= 1.50.)
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Fmmw 44.-Wake center-line location and comparison with various
theories for the 50° mveptback triangular wing. M=2.41.

at the various longitudinal locations, the horseshoe-vortex
theory was used.

The square symbols of figure 44 show the locations of ten
equal-strength iniinite-line vortices, whose resulting location
was determined on the assumption that they left the wing
trailing edge with a lateral spacing in accordance with the
theoretical wing span load distribution and followed a path
calculated in .a step-by-step prows (such as ref. 22), whare
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FIGum 44.-Conoluded.

each vortex moved vertically and laterally in accordrmw
with the velocities induced by the other nineteen line vortices
(considering both wing panels).
-It can be seen in iignre 44 (a) that, at z=l.6c,, tho two

vorti-line methods bracket the experimental wake center-
line lo&tion just as they did in the plots of –&/ba in figuro
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33. Behind the tip region, the infinite line vortices approxi-
mnte very closely the experimental wake center-me location.
On the other band, conical-flow theory is in excellent agree-
ment with experiment behind the inboard portion of the
wing.

The agreement of the ini5nite-line-vortex theory with
experiment behind the tip region and the agreement of the
cenical-flow theory behind the inboard portion of the wing
(fig. 44 (rL))suggests that a theoretical method employing a
combination of the two methods might predict the actual
flow field closely. For this combination theory, the vertical
location of the vortex sheet was determined at points along
Mach lines from the tip using conical-flow theory. Withtheae
locations as the starting points of the irdlnite line vortices,
the method using infinite line vortices was employed for
distances farther downstream. Details of this method of
Calculation are given in appendix E.

It crm be seen in figure 44 that this combination theory
produces excellent agreement with experiment at the longi-
tudinal station (z= 1.5c,) close to the intersection of the two
Mach lines from the tip. Since the rolling-up process of the
vortex sheet starts behind the tip (ref. ]), where the eflects of
chordwise loading are small, the good agreement of the com-
bination theory with experiment is not surprising. It uses
the best features of both conical-flow and inii.nite-line-vortex
theory. Actually any of the rigorous theories,which are exact
within the linearizing approximations, such as the doublet
theory of reference 20, could have been usedinsteadof conical-
flow theory with the same results.

Because of the tediousnessof using the combination theory,
the infinite-line-vortex method has received the most em-
phasis in the comparisons between theory and experiment in
this analysis. The advantage of using this seemingly more
approximate method as compared to the planar methods is
th@ the simple relation for the induced velocity in the field,
from an infinite line vortex, permits the angle-of-attack
effects (that is, the distortion of a vortex sheet) to be better
approximated. However, wing chord loading effects, as well
M variations of Mach number in the wake itself with distance
downstream, are overlooked completely by the theory.
Also, in supersonic flow, the pressures or velocities experi-
enced by a point in the field are influenced only by those
disturbances in the Mach forecone from the point. The
method used, which considered the induced velocities in
successive crossflow planes has some justification, however,
in that those line vortices closest to the point most strongly
affect the velocities at the point.

It is realized that although the wing-alone tests of this
investigation permitted theoretical calculations based on ten
irdinite line vortices ftom each wing panel, such calculations
for the practical case of awing and body would be too lengtiy.
However, the calculations were carried out, since the large
number of line vortices permitted a study of the way they
grouped themselves, and possibly would permit assigning
strengths and locations to a fewer number of line vortices to
obtain a better theoretical model of the flow, if agreement
using the ten M.nite line vortices could be obtained.

The theoretical paths of thwe infinite line vortices are
shown in iigure 45 by the dashed lines. The shapes of the

vortex sheet at the various longitudinal stations are the
solid curves. A theoretical study presented in referenca 23
and vapor-screen studies of the vortex sheet made at the
NACA Ames Laboratory have established the fact that for
supersonic leading-edge delta wings the vortex sheet rolls
up in a conventional manner behind the inboard section of
the wing, and forms an “S” shaped pattern behind the
triangular loaded tip region. In figure 45, vortices a, b,
and c illustrate the conventional rolling up, and the rest
of the vortices illustrate the formation of the %“ shaped
pattern. In this figure, the ‘(S” shaped pattern becomes
distorted downstream of about x/c,=2. This distortion
is probably due to inaccuracies in graphically selecting
the initial locations of the line vorticw and to the use of
an insufficient number of streamwise increments in the
computations. However, when the paths for &is par-
ticular wing were recomputed by using more accurately
selected initial locations and smaller streamxviseincrements
for the entire range of calculations, the deformation of the
“S” shaped structure of the vortex sheet was still observed.
This result suggests that there is a limit to how practical
the method is, since at higher angles of attack, and at larger
distances behind the wing, smaller streamwim increments
would be required. In this connection, the pattwns such as
are shown in figure 45 should be considered as rough approxi-
mations at large downstream distances. However, because
of the practical limit to the method for determining the
shape of the vortex sheet, the accuracy with which the
flow angle can be predicted by the approximate patterns
such as those shown in iigure 45 may be of interest.

In figures 46 (a) and 46 (b), the experimental and theo-
retical downwash and sidewash for this same wing at the
same Mach number are cmmparedby using the locations of
the infinite line vortices as shown in figure 44, both for the
iniinite-line-vortex theory and the combination theory.
Near the vortex sheet (z/b’= –0.075), the combination
theory gives the better agreament with the experimonta.1
spamviee downvvash distribution in comparison with the
theory of irdinite line vortices; however, there is still con-
siderable discrepancy. This discrepancy between theory
and experiment is also present at a z/V location farther
from the vortex sheet (z/& =O.223). The same statements
apply to the sidewash in ligure 46(b), mcept that, for the
spamvise range covered, the agreement between the com-
bination theory and experiment at z/V =0.223 is excellent.
Farther downstream (figs. 46(e) and 46(f)) the line vortices
have grouped themselves so close together in many in-
stances that, although the spanwise locations were selected
midway between line vortices for evaluating the dowrnvash
and sidewash, there are unreal variations in the theoretical
curves, because of the proximity of a vortex to the field
point being calculated. All the theoretical curves shown in
figures 46(e) and 46(f) were based on the infinite-line-vortex
theory, and there is considerable discrepancy between theory
and experiment.

Iteversed triangular wing at higher angles of attack.-one
purpose of using the ten infinite line vortices for the theo-
retical calculations of all the supersonic leading-edge wings,
analyzed in this report, was to study their behavior as they
moved downstream. This possibly would permit a better
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FIQUaE 45.-Theoretical paths of ten iniinite line vortices behind the 60° mveptback triangular wing. M-2.41; .= 12°.

assignment of strength and locations to a fewer number of
line vortices to be applied to the wing-body problem. For
the reversed triangular wing the span loading is triangular
and the ten equal-strength vortices are also equally spaced.
The tendency for the vortices to divide into two separate
groups was particularly evident. (See fig. 47.) Whether
such a result would take place if many more streamtie
increments had been used in the computations is not certain.
Since the experimental pressure contours (&s. 28 (d) and
29 (d)) etibit a tendency for the sheet to form concentrated
regions of vorticity, the arrangement of the vorticity shown
in figure 47 probably represents a good approximation of

the arrangement of the vortex sheet. The separation of the
sheet into these two regions suggests that a model of the
flow with two vortices from each wing panel would bo FL
simpler representation of the flow. The outboard vortox
should have a strength 0.61’m (six line vortices are in the
outer group) and the inner vortex would have a ~trength of

.o.4r=. This model of the floTv (though probably consider-
ably better than a single vortex) was not further investi-
gated sinca it would be a cruder model of the flow tlmn one
represented by the theoretical method using ten line vortices.

The theoretical prediction of the downwash and siclmvad
obtained by u&g ten line vortices are compared in figure 48.
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For this case, although the same shapes of the curves am
evident in both experiment and theory, the agreement is not
too good. It is obvious in figure 48, however, that the
method used, predicts the dowrnvash better than would a
single line vortm from each wing panel, sinm with a single
line vortex the downwash would change sign at y/V=O.5.
Both experiment and the theoretical method using ten line
vortices show that the spmnviselocation where the dowmvash
changes sign is outboard of yjb’= 0.5.

Diamond-plan-form wing (A= —ATE= 50°) at higher ar&les
of attaok. —The theoretical paths of the ten infinite line
vortices behind a diamond-plan-form wing are show-n in
fiawe 49. The vortex sheet appears to roll up in the con-
ventional manner. The leading edge of the wing is slightly
supersonic at this llach number but the shock is detached
even at a= OO. The pressure contours (fig. 32 (d)) show
three regions of apparently higher vorticity along the vortex
sheet, but the two inboard regions are so much weaker than
the one which remains straight behind the point on the wing
at O.Sb’, that the flow picture can be assumed to be the con-
ventional rolling-up pattern indicated by the theoretical
calculations of figure 49.

The spanwise down-ivash and sidewash distributions for
the diamond-plan-form wing are shown in iigure 50. Also
shown are the theoretical curves to be compared with the
appropriate experimental curve. The theoretical curves
were computed using the locations of the infinite line vortices
such as shown in figure 49 for the appropriate streamwise
location. The agreement between experiment and theory
is poor.

CONCLUSIONS

Schlieren studies, total-pressure profiles, and flow-angle
surveys were made behind five thin, pointed-tip wings. The
flow behind three triangular wings of 50°, 63°, and 72°
leading-edge sweep was surveyed at Mach numbers 1.62 and
2.41. The flow behind a reversed triangular wing (-50°
trailing-edge sweep angle) and a diamond-plan-fom” W@
(A= —AT~=500) was surveyed at Mach number 1.62. The
analysis of the data and comparison of the results with
theoretical predictions indicated the following conclusions:

1. The vortex sheet behind triangular wings with sub-,
sonic leading edges tends to form rapidly into one distinct
region of high vorticity behind the wing as it moves down-
stream, as in the case for triangular wings in subsonic floti.
For subsonic leading-edge triangular wings at moderate and
high angles of attack, the use of a single bent-line vortex to

represent the flow field agrees with the physical picture and
predicts the dowmvash and sidewash reasonably well if its
location can be estimated with sufficient accuracy. A pro-
posed empirical adjustment of the method for determining
vertical location of this line vortex at stations behind the
wing gives a good representation of the flow field (particu-
larly the sidewash).

2. For triangular wings with supersonic leading edges, t.ho
flow tends to rotate more about a sheet of vorticity, which
still retains its identity as a sheet at lift coefficients and
downstream distances comparable to those for subsonic
leading-edge wings. The vortas sheet itself appeared to
have more than one region of high vorticity along any semi-
span of its width. At moderate angles of attack (120), a
fifting+urface theory such as conical-flow theory best pre-
dicts the location of the vortex sheet nem the plane of
symmetry, wherens use of infinite line vortices and n stop-
by-step process best predicts the location of the vorte.. sheet
behind the tip region. Using a combination of the two
methods gave an accurate representation of the vortex sheet
at a longitudinal station 1.5 chords behind the trailing edge
(near the location where the Mach lines from the tip inter-
sect) and improved the agreement of the theoretical find
experimental dowmvash and sidewash. The method was
not evaluated at stations farther behind the wing, sinco the
number of line vortices and the smalLnessof the streamwise L
increments would probably cause the metho-d to becomo too
cumbersome for a practical wing-body problom.

3. For the revemed triangular wing both experiment and
the theory using ten infinite line vortices eshibitod a tcmdency
for the vortex sheet to concentrate into two regions, with tlm
outboard region containing the most vorticity. Tho mtual
prediction of the flow angles was poor at moderately high
angIesof attack, although the curves of the experimental nnd
theoretical spanwise dowmvash and sidewash distributions
appeared to have the same shape.

4. For the diamond-plan-form wing with a leading edgo
that was only slightly supersonic, the vortex sheet rolled up
in a manner typic.d of subsonic configurations in the theo-
retical calculations and, except for a couple of weak inboard
concentrations of vorticity, the same pattern was evident in
the experimentedflow. However, the prediction of tho flow
angle was poor.

LANGLEYAERONAUTICAL L4BOR.4TORY,

NATIONAL ADVISORY COMMIITED FOR ADRONAITTICS,

LANGLEY FIEI.D, VA., Januu~ 22, 1964.
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APPkN’DIXA

DET~ OF CONICAL-FLOlt’

The calculation of dowmvash and sidewash behind a wing
at supersonic speeds by using conic.d flows has been pre-
sented in references 16 to 17. The principle of the method
depends on the fact that when the dowmvash or sidewash
is known for certain specified plan forms, other plan forms
can be formed by the superposition of these known plan
forms. The resulting dowmvash or sidewash is then the
combined effect of the lmown solutions. An example fol-
lows for the supersonic leading-edge triangular wing.

The upwash at any point in the field (z’,y,z) due to an
i.niinite triangular wing can be found from the charts of
reference 28. (For z=O, –&/ba=w/aV=–l ). The
sketches shown in this appendix illustrate the steps that are
required in order to caned the lifting pressures of an infinite
trianguhw wing, at a desired z’ location, which is to be the
trailing edge of the wing. For each plan form, the corre-
sponding pressure distribution, for the particular step in:
volved, is also shown by the solid Lines. The dashed lines
indicate the canceling pressure which is being applied. All
piessurea are for the upper surface only. The expressions
for u and w shown in sketch 2 can be obtained from refer-
ence 29.

r
b,y

A

/ ‘\

/ ‘\

/, \

2
Infinite triangular wing

Sketch 2.

These equations are:

II

‘M
I
1’ 1
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“~ , -1 ‘b . I

Pressure distrikation

(P)
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&
21 ——

U1
—=- Cos-1 1+‘lfl)r ~a,~s

—
()x’

(Al)

(A2)

Sketch 3 illustrates the addition of wing A which is at con-
stant pressure u’ and cancels the pressures as shown in the
following sketch. Wing A is formed by subtracting two

METHOD

o

N ‘N’

\
\

\

T%L-LL

L-L-M
\
Q’ Pfesswedistributionat xl

Sketch 3.

conical wings, N,P,Q and N’,P’,Q’, from a two-dimen-
sional wing. In the sketch, N,Q,Q’, and N’ are at infinity
in the designated direction. If the exprewions for the
(7(– l,T,O)and (7(1,T,0)functions that me given in reference
15 are used, the restiting upwash in the z= O plane due to
tig Ais

—.— —
;= 1 [ 1

G(–l,r,e) :+ G(l,co) : (A3)

Sketch 4 illustrates the process whereby conical wings
each of a ditTerentconstant pressure me used to cancel the
pressure between the two Mach lines from the apex. The
upwash due to a typical topical wing QJ3,B’,Q’ is formed
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pressure distribukn at XI

Sketoh 4.

by subtracting the upwash due to two conicxd wings at the
same pressure u; that is, wing NJ3’,Q’ J&NMwing NJ3,Q.
The resulting expression for the up-washdue to the canceling
wings in sketch 4 is

w———

{
/? ~-’ [G(–b,r,e)–a( –l,?-,e)] *

}
db+

av-
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The expressions for the G(b,r,tl)functions are given in refer-
ence 15 and / ,A~-y

~= ‘aVab ,f/y%
(A5) ~

d #(l–$ b’)4-
,/’/ , Y$, ~

y“-:--\

I
The integration was performed mechanically by using ten
wings for ench half of the conical field between the Mach i ~F
lines. i

Sketch 5 illustrates the final step in canceling the pre+mres
(u values) everywhere downstream of the wing trailing edge.

Sketch5.

Wkgs C + D and E + F are at constant pressure UO. The expression for the downwash due to

pressure dlstributicm at xl

wingsC and F may be
obtained from reference 16. The expression, as is given in reference 16, is for M=@. When the Mach number
terms are reinstalled, the expression as applied to wing C is

@“(–l ,r,tl)=~

[

tan (—A) log R,_ ‘
=: eot p+

B 1

dl—

{

tan9(-A) ~~_l ‘FTFP’’os’+tani-A)l -tm-lv
P 2 tanz(—A)+2R’

E–1+ ~ ~ cos 0 tan(—A)
tan (–A)

B 1

The symbols are definid in reference 16 or reference 15,
where, for z=O,

R’=l r
– $-Y’

Y

rind 0=0° or 180°.
In apply@ formula (A6) to the calculation of upwash

due to wings C and F of sketch 5, the axis must be shifted
to M and N (that is, define the field points x’, y, and z with
respect to M and NTinstead of with respect to O). The
upvrashdue to wings D and E of sketch 5 was also determined
by a scheme which, employed a shift in the y coordinates of
the field points for which the upwash was being edculated
by the distance MT. For wing D, the upwash was that
of the conical wing AT,P,Q’minus the eonieal wing NT,M,Q,

(A6)

where the wing N,M,Q was determined from the (3’(- I,r,t?)
function based on the shifted y coordinates of the field points;
that is (due to wings D and E),

f=pw [G(–l,~,e)–~’(–l,r,e)l+@O [~(lr#)-@(l,~#)la
(A7)

After the evaluation of all of the above compommt
contributions to the upwash, the final value for the upwash
as obtained at any field point was merely the algebraic sum,
Charts constructed for all the @ functions greatly exTodited
the calculations. The case of the supersonic leading-edge
wing, which is illustrated, is the most tedious. ~or subsonic
leading-edge wings, it is necessary to carry the calculations
only through the steps illustrated in sketches 2, 3, and 4.

APPENDIX B

DETAILS OF HORSESHOE-VORTEX METHOD

The estimation of the dowmvash and sidewash behind
tl iangulm wings by the horseshoe-vort.ax theory is one of
the methods described in reference 19. The theoretical
model of the flow suggested in reference 19, which places

the corners of the horseshoe vortic~ alo~- a line representing

the center of pressure of the triangulm wing, was tried.

Also, a difFerent theoretical representation which placed
the corners of the horseshoe vortices in equal x’ increments
(although they ti-ght lie outside the wing plan form) was
tried. The difference in the downwash, as calculated by
the two methods, was very slight. All the theoretical curves
presented herein for the horseshoe vortex method were
calculated by the latter method.



APPENDIX c

DET.4Ul!j OF SINGLE-BENT-LINE-VORT~ METHOD

For the low-aspect-ratio triangular wings, a single bent- theoretical model of the flow w-as a single bent-line vortm.
line vortex physicrdly approximates the flow field. The ex- In order to obtain the expression for the sidewash due to a
pression for the upvmsh, which is given explicitly in refer- single bent-line vortex, the expression for the potential as
ence 1, was used for those theoretical calculations where the given in reference 19 was ditlerentiatcd with respect to y.

The resulting equation is

d(’’-yeY-@@+yo)’–@”2 (mx’+2y-k+@ 1

[ti+yi(~+~j+;~+z2[(r)-y*)-p@+yo,2-@zl+
IJ

‘zr$&R=-(w’+2y-k)d(’’-:”@+2+l’l

~(mz’+y–k) +z’]’+ m%’
[(z’-#-fl@’+’2)l -

‘zr3?%==-(m’’-2k)~l~l

~y(w’–y–k) –Z’]I+7n2zZ
[(”’-3-@@2+4

1121
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where x’,V, z,k, c,,and YOare deiined in sketch 6.
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./”
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./-
~’/

Sketah 6.

APPENDIX D

DETAILS OF INFINITE-LINE-VORTEX:METHOD

At angles of attack where the deflection and the distor-
tion of the vortm sheet behind a wing become importad,
yet where the wing aspect ratio is too high, or the distance
behind the wing too short to represent the vorticity behind
the wing with a single bent-line vortex, a method such as
was used in references 22 and 23 was employed ti estimate
the shape of the vortex sheet and to approximate the re-
sulting downwash and sidewash. The equivalence of th6
supersonic and the incompressible line vortex, when both
have zero slope, was pointed out in reference 18. The sim-
ple relation for the induced tangential velocity at points
in the field of an i&nite line vortex is

r
‘T=2G

(m)

or, as used in this paper,

‘=&
(62)

The simplicity of these eqmsaions permitted the use of an
iteration procedure, suoh as that used in reference 22, to
approximate the location and shape of the vortex sheet.

APPENDIX E

DETAILS OF THE M13THODFORTHRCOMBINATIONOFTHE cONIcAL-FLOwAND THEINFINITE-LINR-vORTEXTHEORIES

The regtionbetween the two Mach Iin& from the tips was
taken as an arbitrary range of applicability of coniwd-flow
theory. The deflection of the vortex sheet above or below
the referenm streamwise plane was computed at various
sparmise stations by using conical-flow theory. These loca-
tions correspond to points a through j in sketch 7. The
spanwise location of po+ts a through j were determined
from the wing span load distribution in the same mammr as
was used for setting up the inil.nite-liue-vortex calculations.

With the location of points a through j as the starting
points of the infinite line vortices, the induced velocities and
corresponding paths of each vortm were computed in the
same step-by~tep manner (from station 1, to 2, to 3, etc.)
as was used for the calculations made by using infinite line
vortices alone. However, only those vortim which were

123456078
II

4’”’’i’1
/i’i/9~f

e
‘d

c<b~ o

.— -

F

.— .— . .—

\’
‘.-x= l,5cf

Sketch 7.

actuilly prwent at any longitudinal station were considered
to have any effect on the adjacent line vortices. @’or m-
ample, at station5,
sum of the induced

the tQtal induced
velocities from e,

velocity on g was the
f, h, i, and j.)
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